Oral vanadate has been reported as improving glucose homeostasis in genetically obese and hyperinsulinaemic fa/fa rats. It has also been shown that these beneficial effects could not be ascribed to the decrease in body weight induced by the treatment, or to changes in insulin counterregulatory hormones. The present study examined therefore whether the effects of vanadate could be attributed to a direct correction of the severe insulin resistance of these animals, fa/fa Rats chronically treated with vanadate were compared to both control rats fed ad libitum and pair-fed rats. The three groups were studied in the basal state and during euglycaemic hyperinsulinaemic damps. Slightly lower plasma glucose levels were always maintained in vanadate-treated rats in conjunction with markedly lower plasma insulin levels either during basal or clamp studies. During the clamp, the glucose infusion rate required to maintain glycaemia at basal values was consistently higher in vanadate-treated rats than in the other two groups. Experiments using [6-3H]glucose as tracer showed that this was not due to a greater inhibition of hepatic glucose production by insulin, but corresponded to a larger increment in peripheral glucose disposal. The stimulation of overall glucose metabolic clearance induced by insulin was 129% and 41% higher in vanadate-treated than in control and pair-fed rats respectively. Similar experiments with 2-deoxy-[1-3H]glucose as tracer showed that the larger increase in insulin-mediated glucose clearance occurred in various types of muscle. The action of insulin was particularly impressive on the cardiac muscle of vanadate-treated rats. In conclusion, the beneficial effects of vanadate on glucose homeostasis in obese hyperinsulinaemic fa/fa rats involve a sustained improvement of the impaired sensitivity to insulin in muscle.
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Insulin resistance is a major characteristic of Type 2 (noninsulin-dependent) diabetes mellitus. However, the cellular mechanisms responsible for the alteration of insulin action are still unclear, and the therapeutic management of insulin-resistant states remains a challenge.
In vitro, various salts of the trace element vanadium exert insulin-like effects in skeletal muscle cells, adipocytes, hepatocytes and other cell types [1, 2] . In vivo, oral vanadate lowers plasma glucose levels in insulin-deficient rats [3] [4] [5] [6] , and substantially improves glucose homeostasis in hyperinsulinaemic, insulin-resistant animals [7, 8] . We previously reported that chronic treatment with vanadate partially corrected the hyperinsulinaemia and improved the tolerance to glucose loads in the genetically obese and mildly glucose-intolerant fa/fa rat [7] . This improvement could not be ascribed to the decrease in body weight gain or to a major change in insulin counterregulatory hormones [7, 9] . Beneficial effects of vanadate may be due to a direct correction of tissue insulin resistance in these animals.
In the present study, we used the euglycaemic-hyperinsulinaemic clamp technique to investigate in vivo the effects of a chronic treatment with vanadate on the insulin action in fa/fa rats. The relative contributions of liver and peripheral tissues to the effects of vanadate were assessed during experiments with [3H]glucose infusion. Identification of the peripheral tissues involved in the effects of vanadate was attempted during experiments with 2-deoxy-[!H]glucose injection.
Materials and methods

Animals and protocol design
Two series of 22 and 35 genetically obese (fa/fa) female Zucker rats (12-week-old) were purchased from the Centre de S61ection et d'Elevage d'Animaux de Laboratoire (CNRS, Orldans, France) and were housed in individual cages. All animals received a common rat chow in powdered form (A 04, Usine d'Alimentation Rationnelle, Epinay/Orge, France) and were maintained at a constant temperature (21~ with a fixed 12-h light-dark cycle.
The animals were divided into three experimental groups. The control group (C; n --19) did not receive vanadate and was fed ad fibitum. The vanadate-treated group (V, n = 19) received increasing amounts of sodium orthovanadate (Na3VO4, Janssen Chimica, Beerse, Belgium) in drinking solutions (up to 0.5 mg/ml) and in food (up to 0.25 mg/g) as previously described [7] . These latter concentrations were reached after 3 weeks of treatment and maintained constantly thereafter. By progressively increasing the amount of vanadate, the rats' aversion towards it was partially overcome. A third group of pair-fed rats (P-F; n = 19) received a restricted amount of food to ensure a body weight gain similar to that of vanadate-treated rats. This amount, similar to that spontaneously ingested by vanadate-treated rats [7] , was adjusted daily and administered in two rations (one-third at 10.00 hours and two-thirds at 18.00 hours). The three groups of rats were matched for initial body weight (g): 346 + 5 (C), 348 + 5 (P-F), 342 +_ 4 (V), and for fed plasma glucose levels (mean of two determinations, 1 and 2 days before treatment) (mmol/i): 7.2 _+ 0.1 (C), 7.1 + 0.1 (P-F), 7.1 + 0.1 (V). The groups were also matched, as seen a posteriori, for fed plasma insulin levels (mU/1): 427 _+ 33 (C), 392 + 25 (P-F), 366 + 14 (V).
The first series of rats (n = 22) was studied after 5 weeks of treatment: a tracer dose of [6-~H] glucose was infused to measure wholebody glucose production and glucose metabolic clearance under basal conditions and during euglycaemic hyperinsulinaemic clamps. The second series of rats (n = 35) was studied after 10 weeks of treatment: a tracer dose of 2-deoxy[1-3H] glucose was infused to permit in vivo determination of basal and insulin-mediated glucose clearance index in individual tissues.
Surgery
Tests started at 09.00 hours in rats deprived of food for 15 h (thus, pair-fed rats did not receive their evening ration on the day before the experiment). The animals were anaesthetized with sodium pentobarbital (50 mg/kg i.p.) and ketamine (5 mg/kg i.m.). Catheters were inserted in the right jugular vein for infusions and in the left carotid artery for blood sampling. A tracheotomy was performed to avoid respiratory difficulties during anaesthesia. Body temperature was monitored with a rectal thermometer and maintained between 36.5~ and 37.5~ with a heat lamp.
Experiments with [6-3H]glucose
Basal After completion of surgery, the rats received a priming dose (3.75 gCi) of D-[6-3H]glucose (Amersham, Amersham, Bucks, UK) followed by a continuous infusion (0.15 gCi/min) of the tracer to allow a steady-state specific activity of plasma glucose to be estabfished [10] . Fifty rain after the beginning of the tracer infusion, three successive blood samples ( -10, -5, 0 rain before damp) were taken for measurement of basal glycaemia, insulinaemia and [3H]glucose.
Euglycaemic hyperinsulinaemic clamp. Insulin (Actrapid HM; Novo
Industri, Copenhagen, Denmark) was then infused at a dose of 24 mU. kg-1. rain--1 for 210 s, followed by infusion at a constant rate of 12 mU.kg a 9 min-~ for the remainder of the experiment. Infusion of unlabelled glucose (15 g/100 ml in water) was initiated 90 s after the beginning of insulin administration, and its rate of infusion was adjusted every 5 rain to maintain glycaemia at basal values. After a 45-40 min equilibration period, a euglycaemic clamp was achieved in all rats. The steady glucose infusion rate (GIR) was then maintained during a further 30-rain period. During the last 10 rain of the experiment, three additional blood samples were taken for determination of steady-state plasma glucose, plasma insulin and [3H] glucose specific activity.
Hepatic glucose production and whole-body glucose metabolic clearance [10] [11] . When a steady-state glucose specific activity is reached in the basal state or during the clamp studies, the rate of glucose appearance is equal to the rate of glucose disappearance. These two 523 parameters were calculated by dividing the [6JH] glucose infusion rate (dpm/min) by the steady-state value of glucose specific activity (dpm. mmol-a). In the basal state, HGP (hepatic glucose production)=GUR (glucose utilization rate). During the damp, HGP= GUR -GIR (exogenous glucose infusion rate). Data relative to peripheral glucose disposal were expressed as a glucose metabolic clearance (GMC = GUR/blood glucose concentration). GMC is an estimate of the overall efficiency of tissues to clear glucose from blood, that is almost independent from blood glucose concentration [11, 12] , unless the differences in blood glucose levels are large [13] , which was not the case in the present study.
Experiments with 2-deoxy-FH]glucose
Basal and clamp studies. [14, 15] . Plasma insulin was also measured in the last three samples. After completion of basal or clamp study, anaesthesia was deepened and several tissues were quickly removed in the following order: soleus, tibialis anterior, extensor digitorum longus, diaphragm, heart, jejunum, white periovarian adipose tissue (WAT) and interscapular brown adipose tissue. Pieces of about 100 mg tissue (200 nag for WAT) were always taken in duplicate and immediately immersed in 500 gl of 1 mol/1 NaOH, for determination of their 2-deoxy[1-3H]glucose 6 phosphate content [14] . (glucose utilization index/blood glucose concentration) [16] . Glucose utilization in individual tissues was calculated by a method extensively discussed and validated elsewhere [14] . Briefly, the amount of 2-deoxy[1-3H]glucose 6 phosphate contained per mg tissue (dpm. mg tissue-~) was divided by the integral of the ratio of the concentrations of 2-deoxy[1-3H]glucose/glucose (dpm.min-l-mg glucose <) measured in arterial plasma during the whole experiment. Since values were not corrected by the discrimination factor (lumped constant) for 2-deoxyglucose in glucose metabolic pathways [15, 17, 18] , the data must be considered as an index, rather than as absolute values.
Glucose clearance index in individual tissues
Analytical methods
Plasma glucose was immediately measured by a glucose oxidase method (Glucose Analyzer, Beckman, Fullerton, Calif., USA). For measurements of the specific activity of [6-3H]glucose or 2-deoxy[1-3H]glucose, 25 gl plasma were deproteinized with 25 gl ZnSO4 (300 retool/l) and 25 gl Ba(OH)2 (300 mmol/1), and immediately centrifuged. An aliquot of the supernatant was used for the determination of glucose concentration using the glucose oxidase method. Another aliquot of the supematant (25 gl) was either directly counted in a liquid scintillation counter for determination of plasma 2-deoxy [1-3H]glucose or first evaporated to dryness (to eliminate tritiated water) and redissolved in 100 gl water for determination of plasma [6-3H]glucose. Plasma samples were then kept frozen at -20~ until insulin measurement by a double antibody radioimmunoassay. Rat insulin (Novo Research Institute, Bagsvaerd, Denmark) was used as a standard for determination of basal insulinaemia and human insulin was used as a standard for determination of plasma insulin levels during the clamp. Vanadate did not interfere with the radioimmunoassay.
Statistical analysis
Results are given as the mean + SEM for the indicated number of rats. Comparisons between C, P-F, and V rats were carried out by analysis of variance, followed by the Newman-Keuls test for Values shown are mean _+ SEM. Animals were studied after 5 weeks of treatment. "p < 0.01 vs control rats b p < 0.05 vs pair-fed rats multiple comparisons [19] . Differences were considered statistically significant atp < 0.05.
Results
Five-week experiments
At the end of the 5-week study, the body weight of control rats had increased from 340 to 394 g. In contrast, vanadate-treated rats stopped gaining weight during the whole treatment period. The same body weight evolution was observed in pair-fed rats given restricted amounts of food similar to those spontaneously ingested by vanadatetreated rats ( Table 1) .
As previously reported [7] , administration of vanadate to fa/fa rats affected both plasma glucose and insulin levels. Basal glucose levels of vanadate-treated rats were slightly lower than those of the other two groups and this difference persisted during the clamp (Fig. 1) . The effects of vanadate on plasma insulin levels were more pronounced. In the basal state, plasma insulin concentrations were decreased by about 40% (p < 0.05 vs C and P-F rats).
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During exogenous insulin infusion, plasma insulin levels markedly increased in the three groups, but they remained lower in vanadate-treated rats than in the other two groups (p < 0.01) (Fig. 1) . During the last 30 min of the clamp, the coefficients of variation of plasma glucose and insulin levels were less than 5 and 15 % respectively.
Although plasma glucose and insulin levels were lower in vanadate-treated rats than in untreated animals during the clamp, the GIR required to maintain glycaemia at basal values was 62% higher than in control rats (p < 0.01) and 21% higher than in pair-fed rats (p < 0.05). GIR was less markedly increased by mere food restriction (34% higher in P-F than in C rats,p < 0.01) (Fig. 1) .
Overall peripheral glucose disposal was assessed by glucose metabolic clearance (GMC) since basal and clamp glucose concentrations were slightly lower in vanadate-treated rats and since glucose utilization depends on glycaemia [20] . Absolute values of whole-body GMC were similar in the three groups in the basal state, but were higher in vanadate-treated rats than in the other two groups during clamp ( Table 1 ). The increment of GMC produced by insulin was 129% and 41% larger in treated animals than in control and pair-fed rats, respectively (p < 0.01) (Fig. 1) .
Hepatic glucose production was similar in the three groups of rats in the basal state, and during inhibition by insulin infusion (Table 1 ). The percentage inhibition was not statistically different between control rats (60%) and vanadate-treated rats (79%).
Ten-week experiments
After 10 weeks of treatment, body weight, basal and clamp plasma glucose and insulin levels in the three groups of rats showed a pattern similar to that observed in first experiment ( Table 2) . As after 5 weeks of treatment, Values are mean • SEM for 11-12 rats in each group. One-half of the rats in each group were studied under basal conditions; the others during clamp. Measurements were taken after 10 weeks of treatment. Measured during the 60 rain of basal study or b during the last 30 min of the clamp; ~ Mean of the three last samples during basal study or clamp; d Amount of glucose infused to maintain euglycaemia during clamp; "p < 0.01, f p < 0.05 vs control rats; g p < 0.01, ~p < 0.05 vs pair-fed rats GIR required to maintain basal glucose concentration during glucose infusion was higher in vanadate-treated rats than in the other two groups. In contrast, GIR was slightly decreased in pair-fed rats that had been submitted to food restriction for 10 weeks ( Table 2) .
As shown in Table 3 , the indices of basal glucose clearance (GC) were not different in any of the examined tissues (except diaphragm) in the three groups of rats. During the clamp, hyperinsulinaemia induced a rise in GC by all tissues in all groups. However, despite lower clamp insulin levels, absolute values of GC in vanadate-treated rats exceeded those in untreated animals in four out of five studied muscles and in the jejunum. Mere calorie restriction, in pair-fed rats, increased GC only in interscapular brown adipose tissue. The insulin-mediated increments of GC are illustrated in Figure 2 . Insulin action was approximately 65-90% greater in all hind limb skeletal muscles of 525 vanadate-treated rats (p < 0.05-0.01), and was particularly impressive in the cardiac muscle of treated animals. The increase of GC in brown adipose tissue was similar in vanadate-treated and pair-fed rats and was two-fold larger than in control rats. When data were expressed as increment of GC, there was no significant difference in the jejunum between the three groups (Fig. 2) .
Discussion
Oral administration of vanadate has a marked hypoglycaemic action in adult rats made severely diabetic by injection of streptozotocin [3] [4] [5] [6] , and in rats made less severely diabetic and insulin-deficient by streptozotocin injection 5 days after birth [21] or by partial pancreatectomy [22] . In these three models, lowering of blood glucose was accompanied by a restoration of the effects of insulin on hepatic glucose production [6, 21] and peripheral glucose disposal [6, 21, 22] .
Genetically obese and insulin-resistant fa/fa rats are only mildly glucose-intolerant [23] [24] [25] [26] . As reported in our previous study [7] , vanadate marginally decreased basal glucose levels, but lowered basal insulin levels by 40-50% in these rats. This situation is suggestive of an alleviation of the insulin resistance, that could be conclusively estabfished by the euglycaemic-hyperinsulinaemic clamp technique. Although equivalent doses of insulin were infused, lower plasma levels of the hormone were measured during the clamp in vanadate-treated than in control rats. This can partly be explained by the lower basal insulin concentrations in treated rats, but an increased clearance rate of insulin in these animals cannot be ruled out.
Under our experimental conditions, the glucose infusion rate during the euglycaemic clamp can be regarded as an estimate of overall whole-body insulin action. It was higher in vanadate-treated rats than in the other two groups, regardless of the length of treatment. In pair-fed rats, on the other hand, this rate of infusion was slightly higher than in control animals after 5 weeks and slightly lower after 10 weeks. This clearly indicates that the effects of vanadate are not primarily due to the lower body weight gain of the rats, and further suggests that mere food restriction only transiently improved insulin sensitivity in fa/fa rats. These observations are consistent with our previous report that the plasma insulin/glucose ratio only initially decreases in these P-F fa/fa rats [7] . They are also in agreement with a study showing that a paradoxical worsening of insulin resistance can develop in fa/fa rats submitted to mild food restriction for several weeks [27] . This interesting issue may deserve further investigation. Experiments with [3HI-glucose as tracer evidenced a similar rate of glucose turnover under basal conditions in vanadate-treated, pair-fed and control rats, whereas the glucose metabolic clearance rate was higher in vanadatetreated rats than in the other two groups during stimulation by insulin. This was observed despite lower basal and clamp insulin levels and thus reflects an improvement of insulin action in these animals. The data also suggest that this improvement involves peripheral tissues rather than the liver since the suppression of hepatic glucose production by insulin was not significantly increased by vanadate treatment. However, the possibility that effects of vanadate on the liver would be disclosed after longer periods of treatment or if smaller amounts of insulin were infused during the clamp cannot be excluded.
Experiments using 2-deoxyglucose as tracer were therefore performed to identify the possible target tissues of vanadate. Previous in vivo studies combining the euglycaemic hyperinsulinaemic clamp with injection of 2-de-S. M. Brichard et al.: Vanadate effects in fa/fa rats oxyglucose have clearly documented the marked insulin resistance of skeletal muscles and adipose tissues in adult obese fa/fa rats [28] . Vanadate treatment mainly increased insulin-stimulated glucose clearance by muscles, did not modify insulin action in white adipose tissue and exerted only a non-specific effect on brown adipose tissue, since the latter increase in insulin effectiveness also occurred in pair-fed rats. Thus, muscle, the major site of insulin-mediated glucose disposal [17] , appears to be the principal target tissue of vanadate action in faJfa rats in vivo. We previously observed that chronic administration of vanadate to ob/ob mice, another model of insulin resistance, increased in vitro glucose oxidation in muscle tissue but not in white adipose tissue [8] .
The effects of vanadate are reminiscent of those of metformin, a biguanide that lowers both plasma glucose and insulin levels in non-insulin-dependent diabetes. However, the hypoglycaemic effect of metformin in the fa/fa rat is mainly due to an increased glucose utilization by the digestive tract rather than by muscles, which remain markedly insulin-resistant [15] . The mechanisms of action of vanadate and metformin are thus different.
The most impressive improvement of insulin action produced by vanadate treatment was observed in cardiac muscle. This may be unexpected since glucose is not the major myocardial fuel. It is, however, known that glucose uptake by the heart is markedly reduced in uncontrolled diabetes [29] . This metabolic effect of vanadate in the heart may perhaps explain how the element prevents the decline in cardiac performance in diabetic rats [3, 30, 31] . It could be useful to investigate further the beneficial effects of vanadate on diabetic cardiomyopathy, in particular when the insulin resistance limits the effectiveness of insulin therapy.
The insulin-like effects of vanadium salts in vitro, are usually observed at concentrations several-fold higher than the plasma levels of vanadium in animals given oral vanadate [1, 2] . In streptozotocin-diabetic rats treated with vanadyl, tissue vanadium concentrations approached those effective in vitro only in the liver, kidney and bone [32] . This observation prompted the suggestion that muscles might not be a primary target for the action of vanadium in vivo. The present study clearly shows this not to be the case. Recent in vitro studies have also suggested that vanadium may increase the effects of insulin on isolated cells at lower concentrations than those necessary to produce acute insulin-like effects [32] .
In conclusion, the beneficial effects of oral vanadate on glucose homeostasis in obese hyperinsulinaemic fa/fa rats can be ascribed to a sustained improvement of muscle sensitivity to insulin. This raises obvious therapeutic possibilities in states of insulin resistance. However, complete and cautious evaluation of the potential side-effects of the element is required before administration of vanadate to human patients is attempted.
